Sphingomonas sanxanigenes strain NX02 synthesizes a novel biopolymer Ss, which can be extracted from fermentation broth using a low-cost acid precipitation. In this study, response surface methodology was employed to optimize medium composition for the production of biopolymer Ss. First, Plackett-Burman design was applied to evaluate the effects of different components in the medium, and it was found that glucose, MgSO 4 , and NaNO 3 significantly influence the production of Ss. Central composite design was then used to optimize the concentrations of these three variables. As a result, the maximum Ss production was 17.5 g/L, which was 25% higher than that obtained using the original medium. In addition, biopolymer Ss has excellent thickening, shear thinning, gelling, and emulsification properties.
INTRODUCTION
Microorganisms with the ability to produce biopolymers are widely found among microbial species, particularly among prokaryotes. These biopolymers either attach to the cell surface or exist in the medium in the form of amorphous slime (Sutherland, 1998) . At present, biopolymers are widely used as biotechnology products, such as xanthan and gellan, which are used as thickeners, stabilizers, emulsifiers, gelling agents, and water-binding agents in oil recovery and the food industry (Banik et al., 2000; García-Ochoa et al., 2000) .
The genus Sphingomonas is an important microbial source of biopolymers. Several Sphingomonas strains synthesize a group of structurally related biopolymers referred to as sphingans, including gellan, welan, rhamsan, S-88, heteropolysaccharide 7, and NW-11 (Yabuuchi et al., 1990; Fialho et al., 2008; Sá-Correia et al., 2002) . Sphingans possess a similar linear structure in which an identical tetrasaccharide (D-glucose, Dglucuronic acid, D-glucose, and L-rhamnose/L-mannose *Corresponding author. E-mail: nankaimeor@126.com. Tel: +86 22 2349 8185. Fax: +86 22 2350 8800. residues) is repeated as the backbone (Gonçalves et al., 2009; Falk et al., 1996) . The value of sphingans lies in their ability to modify the rheology of aqueous solutions, that is to thicken liquids, suspend solids, stabilize emulsions, or form gels (Morris et al., 1996; Wu et al., 2011) . In recent years, with the continuous exploration of microbial resources, some new sphingan-secreting strains have been isolated from diverse environments (Denner et al., 2001; Matsuyama et al., 2003; Seo et al., 2004) . However, the high cost of extraction with organic solvents and relatively low fermentation yield prevent large-scale production of sphingans. To date, only a few sphingans, such as gellan, welan, and diutan, have been produced commercially.
Sphingomonas sanxanigenens strain NX02, a member of a new species of the genus Sphingomonas sensu stricto that was isolated from soil (Huang et al., 2009a) . Strain NX02 synthesizes a novel extracellular biopolymer called Ss, which consists of carbohydrate, lipid, and protein. The monosaccharide composition of Ss is similar to that of sphingans. Glutamic acid and aspartic acid constitute 23.3% of the total amino acid content. A remarkable difference from other sphingans reported for biopolymer Ss is that it could not be precipitated with ethanol or isopropanol. However, Ss can be precipitated when the pH of strain NX02 fermentation broth was adjusted to approximately 3.0, which significantly reduces the cost of production (Huang et al., 2009b) .
In order to better exploit and utilize biopolymer Ss, it is essential to further optimize the composition of fermentation medium for strain NX02. In our previous study, the effects of various culture conditions (initial pH, temperature, etc.) on Ss production were investigated using the single factor method (Huang et al., 2008) . Glucose and NaNO 3 were found to be the suitable carbon and nitrogen sources for Ss production, respectively. However, the single factor method is tedious and overlooks the interaction between different variables . As an alternative, response surface methodology (RSM) is a well-known method applied to the optimization of medium composition and other critical variables responsible for the production of biomolecules (Deepak et al., 2008) . Statistical experimental designs can be employed at various phases of the optimization process, such as in screening experiments and for determining the optimum conditions for a desired response (Oztürk et al., 2010) . To date, RSM has been successfully applied to the optimization of medium composition for biopolymer production (Wang and Lu, 2004; Luo et al., 2010) . In the present study, an attempt was made to optimize the production of biopolymer Ss from S. sanxanigenens NX02 using a Plackett-Burman design and central composite design, and the physical properties of biopolymer Ss aqueous solution were examined.
MATERIALS AND METHODS

Microorganism and media
S. sanxanigenens strain NX02 was used in this study. The strain was cultured on NK medium (15 g glucose, 5 g peptone, 3 g beef powder, 1 g yeast extract, 15 g agar, 1 L distilled water, pH 7.0) at 30°C for 5 days, and then maintained at 4°C. The seed culture medium contained the following (g/L): glucose, 15; NaNO3, 1.0; yeast extract, 0.1; K2HPO4, 0.9; MgSO4, 0.1; pH 7.0. The original fermentation medium contained the following (g/L): glucose, 40; yeast extract, 0.2; K2HPO4, 1.2; NaNO3, 2.0; CaCO3, 1.0; FeSO4, 0.005; NaCl, 0.4; MgSO4, 0.5. The pH of the medium was adjusted to 7.5. Peptone, beef powder, yeast extract and agar were purchased from Dinguo Limited (Tianjin, China). All other chemicals used in the experiments were of analytical grade and obtained from Wanlian Limited (Tianjin, China).
Culture conditions
Inoculum was prepared by transferring a loopful of culture from an NK slant to an Erlenmeyer flask (250 ml) containing 100 ml of seed medium. The seed cultures were grown at 27°C on a rotary shaker incubator at 180 rev/min for 24 h. After incubation, 6 ml of the seed culture was transferred into an Erlenmeyer flask (250 ml) containing 54 ml of fermentation medium. The fermentation cultures were then incubated at 27°C with shaking at 180 rev/min for 60 h.
Determination of biopolymer Ss production
To isolate biopolymer Ss, the fermentation broth was heated for 30 min at 100°C, then diluted 10-fold with deionized water and centrifuged at 48,000  g for 30 min to remove the cells. The supernatant was collected, and the pH was adjusted to 3.0 to precipitate the product. The precipitated biopolymer Ss was dialyzed against deionized water until neutrality, and then lyophilized and weighed.
Response surface methodology
Plackett-Burman design
In our previous study, eight variables (glucose, yeast extract, K2HPO4, NaNO3, CaCO3, FeSO4, NaCl, and MgSO4) were identified as having effects on biopolymer Ss production by single factor experiments (Huang et al., 2008) . Here, the variables having the most significant effects on Ss production were determined using Plackett-Burman design criterion. According to the Plackett-Burman design, each variable was tested at two levels, namely a high level denoted by (1) and a low level denoted by (-1) as listed in Table 1 . Eight variables were screened by conducting 12 experiments. All experiments were conducted in triplicate and the average value of biopolymer Ss yield was used for statistical analysis. The variables that were significant at 5% level (P < 0.05) from the regression analysis were considered to have a significant impact on biopolymer Ss production and were further optimized by central composite design (CCD).
Central composite design
Subsequently, CCD was employed to optimize the three most significant variables (glucose, MgSO4, and NaNO3) to further enhance biopolymer Ss production. The three independent variables were studied at five different levels (-1.68, -1, 0, +1, and +1.68), and a set of 20 experiments was carried out as shown in Table 2 . The relationships and interrelationships of the variables were based on the following second-order polynomial model:
where Y is the predicted response (Ss production),β0 is the model intercept, xi and xj are the levels of independent variable, and βi, βii, and βij are the linear, quadratic, and interaction coefficients, respectively.
Data analysis
Design-Expert 7.0 was used for the experimental designs and regression analysis of the experimental data. Statistical analysis of the model was performed to evaluate the analysis of variance (ANOVA). The quality of the polynomial model equation was judged by the determination coefficient R 2 , and its statistical significance was determined using an F-test. The significance of the regression coefficients was tested using a t-test.
Physical properties of biopolymer Ss
The rheology characteristics of the Ss solution were determined using the S64 rotator of a Brookfield DV-II + Pro viscometer at 25°C (Morris et al., 1996; Rottava et al., 2009) . Ss gel was prepared according to the method of Mao et al. (2000) , and the proper- 
RESULTS AND DISCUSSION
Evaluation of variables affecting Ss production
In our previous study, the single factor method was used to evaluate various factors affecting biopolymer Ss production by S. sanxanigenens NX02. Experimental data showed that the variables affecting Ss production were the level of glucose, yeast extract, K 2 HPO 4 , NaNO 3 , CaCO 3 , FeSO 4 , NaCl, and MgSO 4 (Huang et al., 2008) . In the present study, a Plackett-Burman design was used initially to screen the variables with a relatively significant effect on Ss production. The experimental design and results are presented in Table 1 . From the regression analysis of the variables, glucose, NaNO 3 , CaCO 3 , FeSO 4 , and MgSO 4 were found to exhibit positive effects on biopolymer Ss production from low levels to high levels, whereas yeast extract, K 2 HPO 4 , and NaCl exhibited negative effects on Ss production. The variables with confidence levels greater than 95% (P < 0.05) were considered significant. Therefore, glucose (P = 0.0005), MgSO 4 (P = 0.0039), and NaNO 3 (P = 0.0067) were the most significant variables affecting Ss production. The polynomial model describing the correlation between medium components and Ss production could be presented as: 
Optimization of significant medium components using central composite design
Twenty experiments were carried out from the design (Table 2) . By employing multiple regression analysis on the experimental data, the predicted response, Y, for biopolymer Ss production could be obtained by the following second-order polynomial equation: Y = 17.15 + 0.617X 1 + 0.373X 2 + 0.308X 3 -0.430X 1 2 + 0.075 X 1 X 2 + 0.325X 1 X 3 -0.642X 2 2 + 0.100X 2 X 3 -0.536
The statistical significance of the model was determined using an F-test and ANOVA for a response surface quadratic model, and is summarized in Table 3 . A P value less than 0.0001 showed that the model was highly significant. The determination coefficient R 2 of the model was 0.9888, indicating that 98.88% of the variability in the response could be explained by the model. The adjusted determination coefficient (Adj R 2 = 0.9788) also confirmed the statistical significant of the model. Meanwhile, a relatively low value for the coefficient of variation (CV, 1.08%) indicated good precision and reliability of the experiments that were performed. In addition, the P value for lack of fit (P = 0.1474) implied that the lack of fit was not significantly relative to the pure error, indicating that the model equation was adequate for predicting biopolymer Ss production under any combination of value of the variables. Furthermore, the high degree of similarity between the predicted and experimental values also reflected the accuracy and applicability of Retail Security Manager (RSM) for medium optimization to attain maximum Ss production. The significance of the regression coefficients was tested using a t-test. When the P value is less than 0.01, the model terms are significant. In this case, X 1 , X 2 , X 3 , X 1 X 3 , X 1 2 , X 2 2 , and X 3 2 were significant model terms. 2D contour plots were used to graphically represent the regression equation (Figure 1 ). Each figure presents the effect of 2 variables, while the third was held at zero. The model predicted that maximum biopolymer Ss production (17.7 g/L) occurred at 41.29 g/L glucose, 1.05 g/L MgSO 4 , and 2.57 g/L NaNO 3 . In order to validate the adequacy of the model equation, three additional experiments in shake flasks were performed with the optimum medium composition. The mean value of Ss production was 17.5 g/L, which was in good agreement with the predicted value. The yield of biopolymer Ss was approximately 25% higher than that obtained (14.0 g/L) using the original medium (Huang et al., 2008) .
Physical properties of biopolymer Ss
Aqueous solutions of biopolymer Ss were prepared at different concentrations ranging from 0.4 to 1.0% by dispersing Ss powder in deionized water. Biopolymer Ss formed a viscous solution at low concentration, and the viscosity measurement was performed at 25°C and pH 7.0. The effect of Ss concentration and shear rate on the viscosity of Ss aqueous solution is shown in Figure 2 . A solution of Ss behaves like a shear thinning fluid, which means that the viscosity decreases as the shear rate increases. Under lower shear rate conditions, the viscosity of Ss visibly increased with increasing concentration. The viscosity of Ss was stable up to 80°C and in a pH range of 5.5 to 11. The viscosity of Ss was unaffected by the presence of Na + , K + , Ca 2+ , Mg 2+ , Zn 2+ , Cu 2+ , Mn 2+ , Fe 2+ , and Co 2+ at 0.1 M. Biopolymer Ss was incapable of forming a thermoreversible gel. A 0.6% Ss solution was heated to 90°C and held for 10 min, and an elastic and non-brittle gel formed after the solution cooled to room temperature. In the presence of Ca 2+ ions, the gel formed at a lower concentration of Ss, and became stiffer. Hardness of the gel at different Ss concentrations and calcium ion levels was measured by the texture profile analysis (Huang et al., 2007) . The effect of Ss and Ca 2+ concentration on gel hardness is shown in Figure 3 . In general, with increasing amounts of calcium ions, gel hardness increased to a maximum and then gradually decreased. However, the maximum gel hardness at different concentrations of biopolymer Ss occurred at different calcium ion concentrations.
Biopolymer Ss also has excellent emulsifying activity. Emulsifying activity was measured by adding 6 ml of diesel fuel to 4 ml of Ss aqueous solutions at different concentrations, followed by vortexing at high speed for 10 min. Emulsifying activity was determined 24 h later, and was represented as an emulsion index (E 24 ). E 24 is the height of the emulsion layer, divided by the total height, multiplied by 100. It is obvious that the emulsifying activity increased with increasing concentrations of Ss. The E 24 was 72% with a 0.1% Ss aqueous solution, whereas in a 0.2% Ss solution, diesel fuel was completely emulsified, and the E 24 was 100%.
Conclusions
The optimal medium composition for Ss production as determined by RSM was 41.29 g/L glucose, 1.05 g/L MgSO 4 , and 2.57 g/L NaNO 3 . The maximum Ss production was 17.5 g/L, which was 1.25 fold higher than that produced in the original medium. Biopolymer Ss has excellent thickening, shear thinning, gelling, and emulsification properties. Therefore, with the increase in yield, excellent properties, and lower cost of extraction with acid, the industrial production of biopolymer Ss by S. sanxanigenens strain NX02 can be regarded as possible and economically attractive.
